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Any abundance of black holes that was present in the early universe will evolve as matter, making
up an increasingly large fraction of the total energy density as space expands. This motivates us to
consider scenarios in which the early universe included an era that was dominated by low-mass (M <∼
5× 108 g) black holes which evaporate prior to primordial nucleosynthesis. In significant regions of
parameter space, these black holes will become gravitationally bound within binary systems, and
undergo mergers before evaporating. Such mergers result in three potentially observable signatures.
First, any black holes that have undergone one or more mergers will possess substantial angular
momentum, causing their Hawking evaporation to produce significant quantities of high-energy
gravitons. These products of Hawking evaporation are predicted to constitute a background of hot
(∼ eV-keV) gravitons today, with an energy density corresponding to ∆Neff ∼ 0.01− 0.03. Second,
these mergers will produce a stochastic background of high-frequency gravitational waves. And
third, the energy density of these gravitational waves can be as large as ∆Neff ∼ 0.3, depending on
the length of time between the mergers and evaporation. These signals are each potentially within
the reach of future measurements.
I. INTRODUCTION
Although our universe is observed to be approximately homogeneous on cosmological scales, there may exist sig-
nificant inhomogeneities on scales smaller than those probed by measurements of the cosmic microwave background
(CMB) or large scale structure. If sufficiently large in amplitude, such small-scale density perturbations could lead
to the formation of a cosmological abundance of primordial black holes (BHs) [1, 2]. Alternatively, primordial BHs
could have been generated through bubble wall collisions following a first order thermal phase transition [3–5] or a
first order quantum phase transition [6], or through the process known as scalar fragmention [7–9]. If these BHs were
formed at or near the end of inflation, we expect them to have masses comparable to the horizon mass during that
epoch [3, 10–27]:
MH ∼ 1
2GHI
∼ 104 g
(
1010 GeV
HI
)
, (1)
where HI is the Hubble rate during inflation. Since BHs are non-relativistic in the early universe, they redshift
like matter (ρBH ∝ a−3) and therefore constitute an increasingly large fraction of the total energy density as space
expands. This motivates us to consider scenarios in which BHs dominate the energy density of the early universe prior
to their Hawking evaporation. BHs with M <∼ 5× 108 g will evaporate before the onset of Big Bang Nucleosynthesis
(BBN), and thus remain largely unconstrained by existing observations.
In previous work, we considered Hawking radiation from primordial BHs as a mechanism to produce dark mat-
ter [28, 29] (see also, Refs. [30–32]) or dark radiation [28, 29]. Since Hawking radiation emits all kinematically
accessible particles, regardless of their couplings, BHs represent an attractive way to generate cosmologically inter-
esting abundances of very feebly interacting particles. In particular, the measured dark matter abundance can be
produced in a BH dominated era for masses between mDM ∼ 109 GeV and the Planck scale. Furthermore, if there
exist any light, decoupled particle species (e.g. axions), these will also be produced as components of Hawking radia-
tion and contribute to the density of dark radiation, typically reported in units of equivalent extra neutrino species,
∆Neff .
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FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inflation to form a primordial BH population with little angular momentum, a? ∼ 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, Γbc > H, the BHs will efficiently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
Γbc ∼ H, bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
significantly to ∆Neff . (4) Evaporation: If the BHs merge before evaporating, the population acquires significant angular
momentum, a? ∼ 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to ∆Neff .
If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to ∆Neff at the following level [29]:
∆Neff '

0.05− 0.1 Real Scalar
0.1− 0.3 Dirac Fermion
0.02− 0.04 Massless Vector
0.07− 0.14 Massive Vector
0.003− 0.006 Graviton
(Schwarzschild BH Domination) , (2)
where the larger value for each species corresponds to BH masses ∼ 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses < 105 g, whose Hawking evaporation reheats the universe to T  200 GeV,
sufficient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ∆Neff ∼ 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.
It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:
1. Gravitational Waves, ΩGW
BH mergers in the early universe could produce a significant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.
2. Dark Radiation from Mergers, ∆Neff,GW
The gravitational waves generated by these BH mergers could also contribute significantly to the energy density
in radiation (i.e. to Neff). If these mergers occur only shortly before the BHs evaporate, we find that ∆Neff can
3be as large as ∼ 0.3, well within the projected reach of upcoming CMB experiments. Such a contribution could
also potentially help to relax the reported Hubble tension [36–38].
3. Dark Radiation from Hot Gravitons, ∆Neff,G
As rapidly spinning BHs preferentially radiate particle species with high spin [34], this scenario can lead to
the production of a significant background of energetic (∼ eV-keV) gravitons, representing another potentially
observable and qualitatively distinct contribution to Neff .
The remainder of this paper is structured as follows. In Sec. II, we discuss the process of Hawking evaporation,
considering both rotating and non-rotating BHs. We find that BHs with appreciable angular momentum radiate a
much larger fraction of their mass into particles with high spin, especially gravitons. In Sec. III, we calculate the
timescales for BHs to form binary systems and to inspiral. We then compare this to the time required for Hawking
evaporation to occur. In Sec. IV, we calculate the energy density in the form of gravitational waves that is produced
in the mergers of these BHs. In scenarios in which the BHs merge only shortly before evaporating, these gravitational
waves can contribute to Neff at a level that is within the reach of next-generation CMB experiments. In Sec. V, we
calculate the energy density of the energetic gravitons that are produced through Hawking evaporation in this class
of scenarios. Unlike in the case of non-rotating BHs, we find that the gravitons from a population of rapidly spinning
BHs (such as those that have recently undergone mergers) can contribute appreciably to Neff . In Sec. VI, we calculate
the spectrum of gravitational waves from these BH mergers and comment on the prospects for the detection of this
signal. Finally, we summarize our results and conclusions in Sec. VII.
II. HAWKING EVAPORATION OF ROTATING BLACK HOLES
Back holes emit particles and lose mass through the process of Hawking evaporation [39]. This mass loss occurs at
a rate given by:
dM
dt
= −`(M,a?) M
4
P
M2
, (3)
where MP = 1.22×1019 GeV is the Planck mass and M is the mass of the BH. The dimensionless quantity, `, receives
contributions from all of the particle degrees-of-freedom that are light enough to be radiated from the BH (i.e. lighter
than TBH = M
2
P/8piM). Since we will only consider black holes with TBH  1 TeV, ` will only depend on the angular
momentum of the BH, J , which is related to the dimensionless spin parameter as follows: a? ≡ JM2P/M2 [34].
As a rotating BH evaporates, it also loses angular momentum:
dJ
dt
= −h(M,a?)J M
4
P
M3
, (4)
which can be rewritten in terms of a? as follows:
da?
dt
= −a?M
4
P
M3
[
h(M,a?)− 2`(M,a?)
]
. (5)
Numerical values for h and ` are tabulated in Ref. [34] per spin degree-of-freedom (see also Ref. [40] for the scalar
case).1
Throughout this paper, we limit ourselves to the Standard Model (SM) particle content (in addition to gravitons).
In Fig. 2, we plot the quantities ` and h as a function of a?, and show the contributions from scalars, fermions, vectors,
and gravitons. As a consequence of angular momentum conservation, the spin of a BH influences the rates at which
various particle species are produced through Hawking evaporation. In particular, more rapidly spinning BHs radiate
high-spin particles much more efficiently, including vector bosons and gravitons.
Solving Eqns. 3 and 4 numerically, we find that a BH with an initial mass, Mi, will evaporate entirely
2 in a
characteristic evaporation time:
τ =
∫ Mi
0
dMM2
`(M,a?)M4P
≈ 〈`−1〉 M
3
i
3M4P
= 4× 10−4 s
(
Mi
108 g
)3( 〈`−1〉
235
)
, (6)
1 Note the different notation in both references, `→ f and h→ g.
2 We assume stable Planckian-mass BH relics either do not exist or that their presence only negligibly affects the conclusions here.
4FIG. 2. Values for the quantities ` and h as introduced in Eqns. (3) and (4), respectively, assuming the Standard Model particle
content plus gravitons. All degrees-of-freedom are always active as we only consider the case M <∼ 1010 g (corresponding to
TBH >∼1 TeV). Also shown are the contributions to these quantities from all particles of various spins.
where 〈`−1〉 is defined as the mass-squared weighted value of `−1 from Eq. (3)
〈`−1〉 ≡
∫ Mi
0
dMM2
`(M,a?)∫ Mi
0
M2dM
. (7)
For a non-rotating BH in the mass range of interest here, 〈`−1〉 ≈ 235, whereas for a BH with maximal initial spin
(a? = 1), this quantity is approximately 35% smaller.
In this study, we will consider primarily the case of BHs that are spinning as a consequence of having undergone
previous mergers. The distribution of angular momenta predicted for such a BH population peaks strongly at a? ∼ 0.7,
almost entirely independently of the masses or the initial spin distribution of the merging binaries [41] (see also,
Refs. [42–47]). With this in mind, we will adopt 〈`−1〉 ' 195 for BHs that have already undergone one or more
mergers, corresponding to an appropriate evaporation time of τ = 3.3× 10−4 s (Mi/108 g)3.
Furthermore, after integrating over the evolution of BHs with a distribution of initial spins as described in Ref. [41],
we find that approximately fG ≈ 0.47% of the energy emitted as Hawking radiation is in the form of gravitons (we
adopt this value in our calculation in Sec. V). This is between three and four times as large as that found in the case of
non-rotating BHs. Other formation scenarios may generate BH populations with even greater angular momenta. For
example, BHs formed by the collapse of density perturbations during a matter dominated era can naturally have a?
very close to extremal [48, 49]. For a distribution of spins peaked at a? ∼ 0.9 (∼ 0.95), fractions as large as fG ∼ 2%
(∼ 3%) would be appropriate. We leave a more detailed study of these scenarios to future work.
III. BLACK HOLE MERGERS IN THE EARLY UNIVERSE
We now turn our attention to cosmological scenarios that could plausibly result in the production of an appre-
ciable population of Kerr BHs in the early universe. Although it is well known that a modified power spectrum
of cosmological fluctuations on small scales can seed primordial BH formation [3, 10–27], this process is typically
modeled as the spherically symmetric collapse of the ∼ O(1) perturbations of modes that re-enter the horizon after
inflation. Consequently, the BHs in the resulting ensemble acquire little angular momentum in the process, making
a population of Kerr BHs in the early universe appear implausible. However, with an appropriate distribution of BH
relative velocities and nearest neighbor separation distances, it is possible for the typical BH to undergo a merger
before evaporating, producing gravitational waves and increasing their angular momenta to a? ∼ 0.7. In this section,
in order to identify the parameter space in which such mergers are likely, we set up the problem and highlight the
relevant timescales that govern the capture and merger rates as depicted in Fig. 1:
51. BH Formation: An initial population of Schwarzschild BHs with a? ∼ 0 is present in the early universe. Even
if the energy density fraction of this population starts off very small, it can grow over time to dominate the
cosmic energy density at later times.
2. Binary Capture: If the BH binary capture rate exceeds the rate of Hubble expansion, complex multi-body
dynamics can govern the evolution of this population. However, as the universe expands, this rate eventually
freezes out and the characteristic BH separation distance at this time sets the initial value for their subsequent
evolution as binaries.
3. Mergers: As the binaries inspiral toward each other, they emit gravitational waves. Such signals may be
observable if the merger timescale is comparable to the BH evaporation time.
4. Evaporation: Finally, as a consequence of a merger, the resulting BH possesses a typical angular momentum
of a? ∼ 0.7, impacting the evaporation factors `(M,a?) and h(M,a?), as discussed in the previous section. The
ensuing Kerr Hawking radiation now contains a much larger fraction of gravitons and other higher spin particles
relative to in the Schwarzschild scenario.
A. Setup and Assumptions
Our setup postulates an abundance of early-evaporating primordial BHs formed at some point after inflation, but
before BBN. For simplicity, we will assume that this population has a common mass. For arbitrary initial conditions,
the Hubble rate satisfies:
H2 ≡
(
a˙
a
)2
=
8pi
3
GρT , ρT(a) ≡ ρRi
a4
+
ρBHi
a3
, (8)
where ρT is the total energy density of the universe, ρR is the density in radiation, ρBH is the density in BHs, and
a is the cosmic scale factor, defined such that it is equal to one at the initial condition (i.e. when ρR = ρRi and
ρBH = ρBHi). Throughout this study, we adopt natural units and we define the Planck mass such that G ≡M−2P .
We begin by defining the time-dependent quantity:
fBH(a) ≡ ρBH(a)
ρR(a) + ρBH(a)
. (9)
If the post-inflationary universe was initially dominated by radiation at a temperature, Ti, Eq. (8) can be expressed
as follows:
H = 1.66
√
g?
T 2i
MP
(1 + fBHia)
1/2
a2
≡ 1.66√g?Teff(a)
2
MP
, (10)
where g? is the number of relativistic degrees-of-freedom evaluated at Teff , and we have defined the effective temper-
ature, Teff , in terms of the total energy density:
ρT ≡ pi
2g?
30
T 4eff , Teff(a) =
Ti
a
(1 + fBHia)
1/4
. (11)
At the onset of BH domination, the scale factor is f−1BHi and the temperature of the radiation is given by fBHiTi. For
a sufficiently high initial temperature, the radiation density redshifts by many orders of magnitude before BBN, so
even a small initial BH fraction can come to dominate the energy budget [29]:
fBHi & 4× 10−6
(
1010GeV
Ti
)(
104g
Mi
)3/2
(Eventual BH Domination). (12)
This demonstrates that a BH-dominated era in the early universe is a well-motivated possibility, which could be
realized across a wide range of post-inflationary initial conditions.
Since we currently have no empirical access to the early universe before BBN, however, we will remain agnostic
about the origin of this primordial BH population and about its initial energy density. We therefore present our
subsequent results in two complementary ways:
• Initial Radiation Domination: In this treatment, as outlined above, we assume that the post-inflationary
universe is initially dominated by radiation with a subdominant initial fraction of BHs. In this formulation, we
present ∆Neff results in terms of M , fBH, and Teff from Eq. (11).
6• Initial Black Hole Domination: As an alternative, we also adopt a more agnostic treatment of the early
universe, in which we calculate ∆Neff only in terms of the BH population mass and the Hubble rate at BH
domination, independent of how such a condition was realized.
Finally, we note that in order to realize the interesting merger history that we consider below, we must require
that the initial energy density (or equivalently the initial temperature) of early universe was quite high; occasionally
higher than the nominal upper limits from CMB tensor modes, assuming single-field slow-roll inflation and other
standard cosmological assumptions. However, our scenario violates these assumptions by definition since, 1) the
primordial power spectrum must be modified relative to the predictions of single-field, slow-roll inflation and, 2) the
post-inflationary evolution of a BH dominated early universe is nonstandard by definition. While such modifications
are, in principle, still subject to some constraints from the limits on CMB tensor modes, the precise nature of such a
limit is highly model dependent and requires a dedicated analysis; however, such questions are beyond the scope of
the present work.
B. Binary Capture
In order for a pair of BHs to undergo a merger, they must first become gravitationally bound to each other and
then inspiral through the emission of gravitational waves. For BHs of masses M1 and M2, the binary capture cross
section is given by [50–52]:
σC =
2pi
M4P
[(
85pi
6
√
2
)2
(M1 +M2)
10(M1M2)
2
v18
]1/7
' 45
v18/7
M2
M4P
∣∣∣∣
M=M1=M2
, (13)
where, in the last step, we have taken the M1 = M2 limit, which we will assume (for simplicity) throughout this
paper. Note that this cross section is relatively insensitive to the ratio of the BH masses, varying by only a factor of
five across M1/M2 = 10
−3 to 103 (for a fixed value of M1 +M2).
A necessary, but not necessarily sufficient, condition for BHs to merge efficiently is that their binary capture rate
exceeds the rate of Hubble expansion. The capture rate is given as follows:
ΓC = nBHσCv, (14)
where nBH = ρBH/M is the BH number density and v is their relative velocity. Using the general expression for H in
Eq. (10) and Teff in Eq. (11), the time-dependent ratio of these rates is
ΓC
H
' 45
√
3
8piρT
M
M3P
ρBH
v11/7
' 92fBH MT
2
eff
M3Pv
11/7
, (15)
where, in the last line, we have used ρBH = fBHρT and write the total energy density in terms of the effective
temperature. Note that both before and after BH domination, the capture rate decreases relative to Hubble as the
universe expands, so if the initial conditions do not allow for capture, no mergers will ever take place.
Conversely, when ΓC  H, a typical BH will undergo many such encounters, potentially involving complex multi-
body dynamics. Here, we simply assume that this continues until ΓC ∼ H, at which point the process of binary
capture effectively ceases, leaving the overwhelming majority of BHs in gravitationally bound binary systems; we
refer to this as the time of “capture freeze-out”. Setting ΓC = H in Eq. (15), the effective temperature at capture
freeze-out can be written
Teff(aCF) ≈ 2.6× 109 GeV
(
v
10−3
)11/14(
108 g
Mi
)1/2
fBH(aCF)
−1/2, (16)
where we have adopted a reference value of v = 10−3, motivated by the gravitational acceleration associated with
density perturbations in the early universe (see Appendices A and B). Note that Eq. (16) simultaneously covers two
possible scenarios:
• Capture Freeze-Out in Radiation Domination: If capture freeze-out occurs during radiation domination,
ΓC/H ∝ a−1, Teff(aCF) = Ti/aCF, and fBH(aCF) = fBHiaCF, where the scale factor at capture freeze-out can
be obtained from Eq. (15),
aCF ' M
3
Pv
11/7
92MfBHiT
2
i
. (17)
7• Capture Freeze-Out in Black Hole Domination: If capture freeze-out occurs during BH domination,
ΓC/H ∝ a−3/2 and fBH(aCF) = 1, so we can write Teff = (30ρBH/pi2g?)1/4, where ρBH is evaluated at capture
freeze-out.
In addition to the binary capture mechanism described above, it is possible that binaries could be formed as a
result of the tidal effects of the field of surrounding BHs (or cosmological density perturbations) [53–57]. In such a
scenario, BHs start out in a quasi-stationary state, but become bound into pairs and decouple from the Hubble flow
when the mutual gravitational binding energy of the pair exceeds the corresponding kinetic energy associated with
the flow. If this occurs during an epoch of radiation domination, then binary formation occurs when the BHs’ local
contribution to the energy density exceeds the background radiation density. In addition, weak tidal torques from
the nearby field of surrounding BHs can lead to the acquisition of angular momentum by the close pair and prevent a
direct collision. Although this mechanism naively leads to the formation of binaries with highly eccentric (1− e 1)
orbits, subsequent interactions with later infalling BHs can significantly reduce the eccentricity, semi-circularizing the
binary orbit, or even leading to the disruption of the binary [56].
C. Binary Separation Distance
Once the capture rate freezes out, the binaries begin the process of inspiral. The timescale for this process depends
on the initial separation distance between the BHs in a bound pair, LCF, which is bounded from above as follows:
LCF < n
−1/3
CF =
(
M
ρBH(aCF)
)1/3
, (18)
where nCF is the number density of BHs at the time of capture freeze-out. One can expect the typical value of LCF
to be smaller than this upper limit, however. And realistically, there will be a distribution in the binary orbital
parameters of eccentricity and semi-major axis. During the period with ΓC  H, a typical BH will experience
multiple strong gravitational encounters, which may alter the orbital parameters of a binary in various ways, leaving
it more or less tightly bound, or even disrupted. For example, for binaries with more gravitational binding energy
than the average BH’s kinetic energy, 3-body encounters will statistically tend to increase the binding energy of the
binary [58], thereby shortening this distance by a potentially important amount.
Since modeling these complicated dynamics is beyond the scope of this work, we will proceed by describing these
orbits in terms of a characteristic initial separation for the case of a circular orbit. We parameterize our ignorance by
introducing the parameter λ, such that the typical BH binary separation distance at the time of capture freeze-out is
given as follows:
LCF = λn
−1/3
CF . (19)
A single radiative capture event between two isolated BHs typically results in a highly eccentric (e ∼ 1) orbit [59].
For equal semi-major axes, BHs in eccentric orbits inspiral much more quickly than those in circular (e = 0) orbits (see
below, in Eq. 20), by a factor of approximately 3.6 (1− e2)7/2 [60]. Note, however, that by choosing λ appropriately,
one can mimic any value of the eccentricity. For example, e ∼ 0.9 (∼ 0.99) can be absorbed by decreasing λ by a
factor of ∼ 3 (∼ 20). The parameter λ also allows us to account for any effects associated with the binary formation
through tidal forces, as discussed above. Also note that one expects highly eccentric orbits to be more prone to be
disrupted and circularized by gravitational encounters and tidal forces, as demonstrated by the 70-body simulations
described in Ref. [56]. In the calculations that follow, we will adopt a benchmark value of λ = 0.1, but keep in mind
that this parameter will depend on the duration and other details of the period in which ΓC >∼ H.
D. Inspiral Timescale
Once a binary system has formed, the BHs will gradually inspiral toward one another. Assuming that gravitational
wave emission dominates this process, the inspiral time tI can be written as [60]:
tI =
5M6P
512M3
λ4
n
4/3
BH(aCF)
≈ 1.4× 10−21 s
(
M
108 g
)(
λ
0.1
)4(
10−3
v
)88/21
fBH(aCF)
4/3, (20)
where in the last step we have rewritten nBH(aCF) as follows:
nBH(aCF) =
ρBH(aCF)
M
=
pi2g?T
4
eff(aCF)fBH(aCF)
30M
, (21)
8and then used Eq. (16) to relate this to M , v and fBH(aCF).
In order for a merger to take place, the inspiral time must be shorter than the Hawking evaporation lifetime (tI <∼ τ).
The ratio of these timescales is given by:
tI
τ
=
(
5M6P
512M3
λ4
n
4/3
CF
)(
3M4P
〈`−1〉M3
)
∼
(
λ
0.1
)4(
10−3
v
)88/21(
0.2 g
M
)2(
235
〈`−1〉
)
fBH(aCF)
4/3, (22)
where, again, fBH(aCF) is the BH fraction at capture freeze-out. Demanding that the merger take place before
evaporation implies the following condition on the population mass:
M >∼ 0.2 g
(
235
〈`−1〉
)1/2(
λ
0.1
)2(
10−3
v
)44/21
fBH(aCF)
2/3. (23)
This condition simultaneously accounts for capture freeze-out during either radiation or BH domination. For BHs
that satisfy the above conditions, binary formation and merger are expected to occur prior to evaporation, leading to
the production of gravitational waves as discussed in the following section.
IV. THE CONTRIBUTION TO Neff FROM GRAVITATIONAL WAVES
When BHs merge, they emit an energy equal to a fraction ξ ∼ O(10%) of their mass into gravitational waves. From
that point onward, the evolution of the energy densities in BHs, radiation and gravitational waves evolve as follows:
ρ˙BH = −3ρBHH + ρBH M˙
M
, ρ˙R = −4ρRH − ρBH M˙
M
, ρ˙GW = −4ρGWH, (24)
where the Hubble rate is determined using ρT = ρBH + ρR + ρGW. The energy density in gravitational waves evolves
as radiation, and contributes to the measured value of the effective number of neutrino species, Neff .
The contribution of these gravitational waves to Neff is related to their fraction of the total energy density at the
time of matter-radiation equality, tEQ. After accounting for SM entropy dumps, this is related as follows to the
fraction of the energy density immediately after BH evaporation (see Ref. [29] for a derivation):
ρGW(tEQ)
ρR(tEQ)
=
ρGW(τ)
ρR(τ)
(
g∗(Tevap)
g∗(TEQ)
)(
g∗S(TEQ)
g∗S(Tevap)
)4/3
, (25)
where TEQ ' 0.75 eV and Tevap is the temperature of the SM bath immediately after BH evaporation has ended.
If the universe is radiation dominated at t = τ , then Tevap = Ti/a(τ) = Ti(ti/τ)
1/2. If, on the other hand, BHs
dominate the energy density of the universe at t = τ , then their Hawking evaporation is responsible for reheating the
universe and setting ρR(τ) in Eq. (25). Assuming nearly instantaneous BH evaporation near t ∼ τ , we can estimate
Tevap according to
ρBH(τ) ≈ pi
2
30
g?(Tevap)T
4
evap (Assuming BH Domination). (26)
Furthermore, if the BH binaries merge during BH domination, we can rewrite Eq. (25) as
ρGW(tEQ)
ρR(tEQ)
=
ρGW(τ)
ρBH(τ)
(
g∗(Tevap)
g∗(TEQ)
)(
g∗S(TEQ)
g∗S(Tevap)
)4/3
(27)
= ξ
(
tI
τ
)2/3(
g∗(Tevap)
g∗(TEQ)
)(
g∗S(TEQ)
g∗S(Tevap)
)4/3
, (28)
where we first blueshifted ρGW(τ) from τ → tI and then used ρBH ∝ H2 = (2/3t)2 to rewrite ρGW(tI)/ρR(τ). Finally,
using Eq. (20) to evaluate the ratio tI/τ , the contribution to Neff from gravitational waves can be related to the ratio
of energy densities in Eq. (27) as follows:
∆Neff,GW =
ρGW(tEQ)
ρR(tEQ)
[
8
7
(
11
4
)4/3
+Nν
]
= ξ
(
tI
τ
)2/3(
g∗(Tevap)
g∗(TEQ)
)(
g∗S(TEQ)
g∗S(Tevap)
)4/3 [
8
7
(
11
4
)4/3
+Nν
]
, (29)
where Nν ' 3.046 is the SM contribution to Neff . Assuming Tevap  mt ≈ 175 GeV, Hawking radiation will produce
the full SM particle spectrum as radiation upon evaporation, so Eq. (29) becomes
∆Neff,GW ≈ 0.3×
(
ξ
0.1
)(
195
〈`−1〉
)2/3(
λ
0.1
)8/3(
10−3
v
)176/63(
0.2 g
M
)4/3
fBH(aCF)
8/9, (30)
9FIG. 3. Regions of parameter space in which the gravitational waves from BH mergers in the early universe constitute an
energy density equivalent to ∆Neff = 0.01− 0.3 (red bands; see Eq. 30), assuming the universe is BH dominated at the time of
capture freeze-out. This range of ∆Neff is both consistent with current constraints and within the projected reach of upcoming
CMB observations [33]. We show these results in terms of the initial BH mass, Mi, and the effective temperature, Teff , or
Hubble rate, H, as evaluated at the time of capture freeze-out. Left: ∆Neff = 0.01− 0.3 bands for v = 10−3 and three choices
of λ, which parametrizes our ignorance of the BH orbital parameters at the time of capture freeze-out. To the left of the black
diagonal line, efficient binary capture never occurs. Right: As in the left panel, but for λ = 0.01 and two values of the BH
velocity, v. The grey shaded portions of these figures represent unphysical regions of parameter space, in which many of the
BHs are expected to overlap (2rSch > n
−1/3
BH ).
where, as before, fBH(aCF) is the BH fraction at capture freeze-out and this expression captures the ∆Neff contribution
regardless of whether capture freeze-out occurs before or after BH domination.
One should keep in mind that these expressions are valid only in the case that tI < τ (otherwise no mergers, and thus
no gravitational waves, will be produced). Therefore the maximum contribution is given by ∆Neff,GW ≈ 0.3× (ξ/0.1),
close to the current upper limit on this quantity [61]. We remind the reader that we have treated the BH evaporation
as instantaneous in our calculation. More realistically, the evaporation will take place somewhat gradually, and will
be delayed by the merger (which increases the BH mass and thus the evaporation time).
Although the results presented in this section are consistent with existing constraints from measurements of the
CMB [61], the predicted contribution is potentially within the projected reach of stage IV CMB experiments, ∆Neff ∼
0.02 [33, 62, 63]. In particular, this calculation demonstrates that, in order for these gravitational waves to produce
a potentially measurable contribution to Neff , the BHs must merge not long before they evaporate (i.e. tI must
be comparable to, but not greater than, τ). This is because the energy density of gravitational waves evolves as
ρGW ∝ a−4 during this time, while ρBH ∝ a−3, causing the fraction of the total energy density in gravitational waves
to decrease. Once the BHs evaporate and the universe is dominated by radiation, however, the fraction of the energy
density in gravitational waves remains constant (up to entropy dumps associated with the changing value of g?(T )).
These results are particularly interesting in light of the 4.4σ discrepancy between the value of the Hubble constant as
determined from local measurements [36–38] and as inferred from the temperature anisotropies of the CMB [61]. This
tension can be substantially relaxed if ∆Neff ∼ 0.1 − 0.3 [64–71]. From this perspective, a population of primordial
BHs that merge shortly before evaporating can provide an attractive way of addressing the Hubble tension.
V. THE CONTRIBUTION TO Neff FROM HOT GRAVITONS
In this section, we calculate the energy density in the gravitons that are emitted as Hawking radiation from a
population of rotating BHs. In particular, we will consider a population of BHs with a distribution of spins as
described in Ref. [41], which is appropriate for any scenario in which most of the BHs have undergone at least one
merger. As discussed in Sec. II, such a population will emit approximately fG ≈ 0.47% of their energy in the form of
gravitons, a fraction that is significantly larger than is predicted in the case of non-rotating BHs.
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FIG. 4. Regions of parameter space in which the gravitational waves from BH mergers in the early universe constitute an energy
density equivalent to ∆Neff = 0.01− 0.3 (red bands; see Eq. 30), for initial conditions corresponding to a radiation-dominated
state with temperature, Ti, and with a fraction, fBHi , of the total energy density in black holes. This range of ∆Neff is both
consistent with current constraints and within the projected reach of upcoming CMB observations [33]. To the left of the
left-most black diagonal line, efficient binary capture never occurs. The right-most black diagonal line denotes the parameter
space where BH domination occurs at the same time of capture freeze out (TCF = TD). In each frame we had adopted v = 10
−3
and λ = 1. The grey shaded portions of these figures represent unphysical regions of parameter space, in which many of the
BHs are expected to overlap (2rSch > n
−1/3
BH ).
As in the previous section, the contribution from gravitons to ∆Neff can be related to the energy density in gravitons
at the time of equality [29]:
∆Neff,G =
ρG(TEQ)
ρR(TEQ)
[
Nν +
8
7
(
11
4
)4/3]
= fG
(
g?S(TEQ)
g?S(Tevap)
)1/3(
g?S(TEQ)
g?(TEQ)
)[
Nν +
8
7
(
11
4
)4/3]
. (31)
Assuming Tevap  mt, so that the full SM radiation bath is populated after evaporation, the energy density in
Hawking radiated gravitons is
∆Neff,G ≈ 0.013
(
fG
0.0047
)(
106
g?(Tevap)
)1/3
. (32)
Note that for BH masses below M <∼ 106−107 g, the temperature after evaporation is quite high and g?(Tevap) ' 102,
resulting in a contribution of ∆Neff,G ∼ 0.01, just below the reach of future CMB measurements. For M ∼ 108 − 109
g, however, the BHs will reheat the universe only to a temperature of TRH ∼ 10 MeV, corresponding to g?(TRH) ' 10.
In this case, we predict ∆Neff,G ∼ 0.03, within the projected sensitivity of stage IV CMB experiments [33, 62, 63].
In contrast with other cosmic backgrounds (e.g. the CMB, or the cosmic neutrino background), this background
of gravitons consists of relatively high-energy particles. In particular, after numerically integrating the deposition of
Hawking radiation over the lifetime of the BHs and redshifting their energy to the present era, we find that the mean
energy of these gravitons today is given by:
〈EG〉 ∼ 1.5 keV
(
M
108 g
)1/2( 〈`−1〉
195
)1/2(
14
g?(TRH)
)1/12
. (33)
Given that this is a factor of ∼ 2 × 106 × (M/108 g)1/2 times higher than the mean energy of a CMB photon, we
refer to these particles as the “hot graviton background”. It would be fascinating to consider the possibilities for the
detection of this signal.
Thus far, we have limited our discussion to Hawking evaporation into SM particles and gravitons. If there exist any
other light and decoupled species, these too would be produced and contribute to the energy density of dark radiation.
In Fig. 5, we show this contribution to ∆Neff for various hypothetical light and decoupled particle species, assuming
the that early universe had a BH dominated era. We show results for the case of non-rotating BHs (left) [29], as well
as for Kerr BHs (center and right).
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FIG. 5. Contributions to ∆Neff from early universe Hawking evaporation, for a variety of hypothetical light and decoupled
particle species, assuming Schwarzschild (left) and Kerr (center and right) BH domination at some point prior to BBN. Note
that these plots do not assume that the universe was initially dominated by BHs, but only that BH domination occured at
some point between inflation and BBN. The left panel is adapted from Ref. [29] and the Kerr contributions (center and right
panels) is one of the main results of this paper. In the center frame, we adopt a distribution of angular momenta that peaks
at a? ∼ 0.7, as predicted for BHs that have undergone a merger [41]. In the right frame, we show results for the case of a
population of BHs with very large initial spins, a? = 0.99. In each case, the contribution from a single massive vector is the
sum of the contributions from a scalar and a massless vector.
VI. THE GRAVITATIONAL WAVE SPECTRUM
Gravitational waves are generated throughout the stages of inspiral, merger and ring-down, producing the following
respective contributions [72–74]:
dE
df
=
1
3
(
pi2G2
)1/3 M1M2
(M1 +M2)1/3
×

f−1/3 f < fM
f2/3/fM fM < f < fRD
f2
fMf
4/3
RD
{
[1 + 59.2 [(f/fRD)− 1]2
}2 f > fRD (34)
where fM ' 8 × 1036 Hz(g/M1 + M2) is the merger frequency and fRD ' 4.5fM is the ring down frequency.
The spectrum is then redshifted from the time of the mergers to the present epoch, by a factor of 1 + z =
(Tevap/TCMB)(g?S(Tevap)/g?S(TCMB))
1/3, where TCMB is the current temperature of the CMB.
In Fig. 6, we show the spectrum of the stochastic gravitational wave background from BH mergers in the early
universe, assuming 1) BHs dominate the energy density at the time of their mergers, and 2) the mergers take place
immediately prior to the BHs’ evaporation. Departures from this second assumption result in a redshifting toward
lower frequencies and an additional suppression by a factor of (tI/τ)
2/3; see Eqn. (29). The predicted gravitational
wave spectra are compared to the projected sensitivity of various gravitational wave experiments, including LIGO [75],
LISA [76], the Einstein Telescope (ET) [77, 78], and the Big Bang Observer (BBO) [79, 80]. In the most optimistic
scenarios, we find that a future space-based experiment on the scale of BBO could potentially observe the stochastic
background of gravitational waves predicted from BH mergers in the early universe. We present these results in terms
of the quantity ΩGW, which is related to dE/df and the critical density as follows:
ΩGW(f) =
1
ρc
dρGW
d ln f
, (35)
where ρc = (3H
2
0M
2
P/8pi) is the present day critical density.
For the gravitational wave spectra predicted in this class of scenarios, detectors optimized for their sensitivity to
high-frequency gravitational waves may be promising [81–84]. We leave further exploration of this topic to future
work.
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FIG. 6. The spectrum of gravitational waves from BH mergers in the early universe, compared to the projected sensitivities
of LIGO [75], LISA [76], the Einstein Telescope (ET) [77, 78], and the Big Bang Observer (BBO) [79, 80]. These curves
assume BH domination at the time of the mergers and that the mergers take place immediately prior to the BHs’ evaporation.
If the mergers take place well before evaporation, these curves should be appropriately redshifted (to lower frequencies) and
suppressed by a factor of (tI/τ)
2/3.
VII. SUMMARY AND CONCLUSIONS
If even a relatively small abundance of black holes was present in the early universe after inflation, the energy density
of this population will be diluted more slowly than that of radiation. From this perspective, it is well-motivated to
consider scenarios in which the early universe contained an era that was dominated by black holes. In order to ensure
consistency with the measured light element abundances, such black holes must be light enough to evaporate prior
to BBN. In previous work, it was pointed out that such black holes could potentially generate dark matter and dark
radiation through the process of Hawking radiation. Dark radiation is not only a phenomenologically interesting but
also an unavoidable consequence of our scenario. Even without the existence of feebly-interacting light degrees-of-
freedom beyond the Standard Model, there is a minimal contribution to ∆Neff from the direct emission of gravitons.
In this study we have expanded on past work to show how this contribution may be significantly enhanced in a very
natural way.
In this paper, we have considered scenarios in which a large fraction of the black holes in the early universe became
gravitationally bound into binary systems, and then merged prior to their evaporation. These mergers can produce
a significant stochastic background of high-frequency gravitational waves, potentially within the reach of proposed
space-based detectors. If these mergers take place only shortly before the black holes evaporate, the energy density
of these gravitational waves could be as high as ∆Neff ∼ 0.3, potentially within the reach of next-generation CMB
experiments.
Such mergers also leave the resulting black holes with significant angular momentum. As spinning black holes
preferentially evaporate into high-spin particles, this class of scenarios can lead to the production of a significant
background of hot (∼ eV-keV) gravitons in the universe today, with an energy density corresponding to ∆Neff ∼
0.01 − 0.03. Other scenarios involving primordial black holes with near extremal angular momentum could produce
an even larger energy density of energetic gravitons, up to ∆Neff ∼ 0.3 (see Fig. 5).
Note added: While this work was being completed, we became aware of Ref. [85] which addresses a related subject.
Our paper has some overlap with their discussion of the stochastic gravitational wave background from early universe
black hole mergers and our results are consistent with theirs. There is no overlap with our discussion here of dark
radiation signals or Kerr black hole evaporation.
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Appendix A: Black Hole Velocities Arising From Cosmological Perturbations
Although the velocity distribution of a primordial BH population is model dependent, one can use the observed
amplitude of density perturbations, δ ≡ δρ/ρ¯ ∼ 10−5, to motivate the typical speed of BHs in the early universe. In
particular, even if a BH were produced at rest, it would be accelerated as a result of variations in the gravitational
potential. We can estimate the kinetic energy acquired by a BH accelerated across a Hubble distance, RH ∼ H−1,
by an overdensity, δ, in a Hubble volume VH = 4piR
3
H/3 = 4pi/3H
3 as
v2
2
=
G(ρ¯VH)δ
RH
∼ 4piGρ¯δ
3H2
∼ δ
2
. (A1)
Thus we expect a typical BH to be accelerated to a velocity on the order of v ∼ √δ ∼ 10−3–10−2. Throughout this
paper, we adopt a reference value of v = 10−3, while acknowledging that higher values are possible. In particular, the
amplitude of density perturbations on the relevant scales is currently not measured, and thus δ could be significantly
larger than the value of 10−5 inferred from the CMB. We also note that density perturbations will continue to
accelerate BHs throughout the early universe and thus will prevent the velocity of such objects from evolving with
the scale factor, ∝ a−1, as might be naively expected.
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Appendix B: Hubble Flow
Throughout this study, we have assumed that BH binaries are not disrupted by Hubble expansion in the early
universe. In this appendix, we explore this assumption and the criteria under which is it valid.
We begin by comparing the acceleration associated with Hubble expansion to that from gravitational attraction.
In the Newtonian approximation, the distance between two BHs, x, evolves according to:
d2x
dt2
=
[
dH
dt
+H2
]
x− 2MG
x2
, (B1)
=
[
4piGρ(1− 3w)
3
]
x− 2MG
x2
,
where M is the mass of the BH, ρ is the energy density and w is the equation of state. During radiation domination
(for which 1 − 3w = 0), the acceleration due to gravitational attraction always exceeds that associated with Hubble
expansion. This is also the case during BH domination (w = 0), so long as λ <∼ (3/2pi)1/3 ≈ 0.8. From this comparison,
we find that any BHs that become close enough to one another to be gravitationally captured will be accelerated
toward one another, so long as ΓC >∼ H (see Sec. III) and λ <∼ 0.8.
Appendix C: Black Hole Accretion
A BH in a bath of isotropic radiation that is not undergoing background evolution will undergo Bondi-Hoyle
accretion, gaining mass at the following rate [86]:
dM
dt
∣∣∣∣
Accretion
=
4piζM2ρR
M4P(1 + c
2
s)
3/2
, (C1)
where ζ is an O(1) constant and cs ' 1/
√
3 is the sound speed in the radiation bath. Comparing this to the rate
of Hawking evaporation in Eq. (3), we conclude that a BH in a static background will gain mass when TR >∼ TBH
and lose mass otherwise. Comparing the fractional accretion rate, (1/M)dM/dt, to the Hubble rate, we find that
accretion may play a role at high temperatures, TR >∼ 1012 GeV×(108 g/M)1/2 [29]. However, this analysis of isotropic
Bondi-Hoyle omits the effects of the background evolution. Accounting for cosmic expansion, only very anisotropic
or unphysical fluids allow for a BH growth rate that matches or exceeds that of Hubble expansion [87].
Appendix D: Runaway Mergers?
In this study, we have assumed that BH mergers occur well after the end of the era of efficient binary capture. This
ensures that each BH undergoes no more than one merger before evaporating. If this is not the case, BHs could be
captured and inspiral many times in succession, potentially leading to runaway growth, and postponing evaporation
until the era of BBN or beyond, where measurements of the light element abundances and the CMB provide very
stringent constraints.
We can evaluate this possibility by comparing the inspiral time to the Hubble time, as evaluated at the time of
capture freeze-out. We find that the inspiral time is shorter than the Hubble time at capture freeze-out only if the
following condition is satisfied:
fBH(aCF) <
230piv55/7
31158λ12
<∼ 1.3× 10−13
(
v
10−3
)55/7(
0.1
λ
)12
, (D1)
which follows from combining Eqns. (16) and (20).
